Hydrogen absorption and diffusivity in high quality ZnO crystals were investigated in this work by X-ray diffraction combined with slow positron implantation spectroscopy and electrical resistometry. ZnO crystals were covered by a thin Pd over-layer and electrochemically charged with hydrogen. It was found that absorbed hydrogen causes plastic deformation in a subsurface region. The depth profile of hydrogen concentration introduced into the crystal was determined by nuclear reaction analysis. Enhanced hydrogen concentration was found in the subsurface region due to excess hydrogen atoms trapped at defects introduced by plastic deformation. Hydrogen diffusion in ZnO crystals with various orientations was studied by in-situ electrical resistometry. It was found that hydrogen diffusion in the c-direction is faster than hydrogen diffusion in the a-direction most probably due to open channels existing in the wurtzite structure along the c-axis.
Introduction
ZnO is a wide band gap semiconductor with a large exciton binding energy. Because of its favorable properties ZnO has taken great attention as a material for UV light emitting diodes, optoelectronic devices, transparent electrodes for solar cells and gas sensors [1, 2] . Due to progress in crystal growth, high quality ZnO single crystals are nowadays available [3] . Most ZnO crystals exhibit n-type conductivity likely due to some impurities or defects introduced unintentionally into ZnO lattice during the crystal growth [4] . On the other hand, acceptor doping leading stable p-type conductivity remains still an unsolved problem. Using ab-inito theoretical calculations Van de Walle [5] predicted that hydrogen is easily incorporated into ZnO lattice and can form a shallow donor state. Later experimental studies revealed that hydrogen is indeed the most important impurity in high quality ZnO crystals and its concentration exceeds the concentration of other impurities by at least one order of magnitude [6] . Moreover, recently it was shown that very high concentration of hydrogen can be introduced into ZnO by electrochemical charging [7] . For these reasons it is very important to understand hydrogen behavior in ZnO lattice.
In the present work, hydrogen-induced structural changes and hydrogen diffusivity in high quality ZnO single crystals electrochemically charged with hydrogen were investigated by slow positron implantation spectroscopy (SPIS) [8] combined with X-ray diffraction (XRD) and in-situ measurement of electrical resistivity. The depth profile of hydrogen concentration introduced into ZnO crystals was determined by nuclear reaction analysis (NRA) [9] .
Experimental
Hydrothermally grown ZnO single crystals (MaTecK GmbH) with dimensions 10 x 10 x 0.5 mm 3 and O-terminated optically polished surfaces were investigated. Hydrogen diffusion in ZnO crystals with (0001) and (10-10) orientation were compared. The crystal faces (10 x 10 mm 2 area) were always covered by a 20 nm thick Pd cap deposited by a cold cathode beam sputtering. The Pd overlayer acts as a catalyst for dissociation of H 2 molecules on the surface and facilitates hydrogen permeation into ZnO [10] . The ZnO crystals were electrochemically doped with hydrogen using a Pt counter electrode and constant current pulses. Electrochemical hydrogen charging was performed at room temperature in a special cell filled with a 1:1 mixture of H 3 PO 4 and glycerin. The hydrogen concentration c H introduced into the sample can be estimated from the transported charge using the Faraday's law:
where I is the loading current, t is the duration of the loading pulse, V m is the ZnO molar volume, V is the volume of the loaded sample and F is the Faraday's constant. The hydrogen concentration introduced into the sample was determined by NRA using the resonant nuclear reaction 15 N + 1 H → 12 C + 4 He + rays [9] . NRA studies were performed by 15 N ions with energy adjustable in the range from 6.39 to 7.2 MeV. Penetration of 15 N ions into ZnO increases with increasing energy from the surface up to a depth of 300 nm. Hence using 15 N ions with adjustable energy depth profile of hydrogen concentration in the sample can be determined.
SPIS investigations were performed on a slow positron beam SPONSOR [11] with energy E of incident positrons adjustable in the range from 0.03 to 36 keV. Doppler broadening (DB) of annihilation photopeak was measured by a HPGe detector with an energy resolution of (1.09 ± 0.01) keV at 511 keV. Evaluation of DB was performed using the line shape S parameter. The central energy region for calculation of S was chosen as |Em 0 c 2 | < 0.93 keV. All S parameters presented in this paper are normalized to the bulk value S 0 = 0.5068(5) determined in the virgin ZnO crystal at the positron energy of 35 keV Electrical resistivity of Pd over-layer was measured in-situ during hydrogen loading by DC four point method using a source meter Keithley 2400-C.
XRD studies were performed using synchrotron radiation with the wavelength of 1.078 Å. XRD measurements were carried out at the European Synchrotron Radiation Facility (ESRF) on the beamline BM20 equipped with a 4-axis Eulerian cradle.
Results and discussion
Figure 1(a) shows results of NRA characterization of ZnO (0001) crystals electrochemically loaded with hydrogen for 3 h using the current I = 0.5 mA. Two samples loaded with hydrogen in different arrangements were investigated and NRA investigations were performed on the loaded side covered with Pd cap and also on the opposite side without Pd cap. As shown schematically in Fig. 1 (b) sample 1 was fully immersed in electrolyte during hydrogen charging, while sample 2 was loaded in the arrangement sketched in Fig. 1(c) . Only the loaded side covered with Pd was deluged by electrolyte while the opposite side was in air without any contact with electrolyte. One can see in Fig. 1 (a) that the hydrogen concentration profile measured on the loaded side (full points) is very similar for both samples. The hydrogen concentration c H on the surface is very high testifying that the Pd over-layer was transformed into the hydride phase (PdH). The hydrogen concentration inside ZnO is very high as well. With increasing depth c H readily decreases and its depth dependence can
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Recent Advances in Mass Transport in Engineering Materials be well described by an exponential decay function, see solid lines in Fig. 1(a) . In the Pd over-layer c H decreases faster than in the ZnO crystal. Therefore, the depth dependences of c H in Pd cap and in ZnO crystal were fitted separately by exponential decay functions with different decay constants. A step in the depth dependence of hydrogen concentration can be observed at the interface between the Pd cap and the ZnO crystal at the depth of 20 nm, see Fig. 1 (a). The hydrogen concentration at the interface is enhanced due to hydrogen trapped open volume misfit defects and the interface. The depth dependence of hydrogen concentration measured on the opposite side of the sample 1 (open circles in Fig. 1(a) ) differs significantly from that measured on the sample 2 (open triangles in Fig. 1(a) ). The sample 1 which was fully immersed in electrolyte exhibits enhanced c H in the subsurface region also on the opposite side. This indicates that if the sample is completely immersed in the electrolyte, hydrogen is introduced into the crystal not only through the loaded side but also through the opposite side. This happens due to the relatively low resistivity of hydrothermally grown ZnO crystals which always exhibit n-type conductivity [4] . On the other hand, the subsurface layer was not formed in the sample 2 loaded in the arrangement shown in Fig. 1(c) , when the opposite side was not in contact with electrolyte. One can see in Fig. 1 (a) that the sample 2 exhibits enhanced c H only just on the surface due to weakly bound adsorbed hydrogen [12] .
The total concentration of hydrogen introduced into the sample calculated from the transported charge by Eq. (1) is 4.2 at.% and is plotted in Fig. 1 (a) by a dashed line. This value is in a reasonable agreement with c H determined by NRA on the opposite side of the sample 2. From extrapolation of the exponential decay functions describing the depth profile of c H in the subsurface layers on the loaded side in samples 1, 2 and on the opposite side in sample 1 we obtained bulk hydrogen concentration of (4  1) at.% which also agrees well with the value estimated from Faraday's law. Note that this concentration of hydrogen is more than two orders of magnitude higher than c H = 0.03 at.% detected by NRA in the virgin crystal [12] . 
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The hydrogen concentration is substantially increased in the sub-surface region on the loaded side and also on the opposite side if the sample is fully immersed in electrolyte. To understand formation of the sub-surface region ZnO crystals were further characterized by SPIS. [14] , but is significantly shorter than the mean positron diffusion length of about 100-200 nm typical for nearly defect-free semiconductors [15] . This indicates that the virgin crystal contains positron traps. Indeed, investigations of the virgin crystal by means of positron lifetime spectroscopy combined with ab-initio theoretical calculations revealed saturated positron trapping in defects identified as Zn-vacancies associated with hydrogen impurities (V Zn+H complexes) [6] .
Deposition of Pd cap modifies the S(E) curve in the low energy region due to contribution of positrons annihilated in the Pd over-layer, see full circles in Fig. 2 . However, at higher energies the S(E) curve remains virtually unchanged testifying that deposition of Pd over-layer introduced additional defects into the crystal. The S(E) curve for the virgin crystal covered by Pd cap was fitted by a model curve calculated for a two-layer model shown in the upper panel in Fig. 2 and consisting of (i) Pd cap and (ii) ZnO bulk. The model curve calculated by VEPFIT is plotted in Fig. 2 by a solid line. Again a good agreement of the model curve with experimental points has been achieved. The thickness of Pd-over layer obtained from fitting is (20  8) nm and agrees well with the thickness estimated from the known sputtering rate and the time of deposition. The positron diffusion length of (50  10) nm obtained from fitting for the virgin ZnO crystal covered with Pd cap is comparable with that for the virgin crystal measured prior to deposition of Pd cap.
The S(E) curves measured on the loaded side and on the opposite side of ZnO (0001) crystal loaded with hydrogen for the period t = 24 h using the current I = 0.3 mA are plotted in Fig. 2 by open diamonds and full triangles, respectively. The sample was fully immersed in electrolyte during hydrogen charging. One can see in Fig. 2 that hydrogen loading leads to a large increase of the S parameter in a sub-surface region corresponding to the positron energy range 1-14 keV. Hence, SPIS results testify that a sub-surface region with very high concentration of defects was formed by hydrogen loading. This strongly supports the picture of hydrogen-induced plastic deformation occurring in the sub-surface region and introducing a high density of open volume defects. The subsurface region with high density of defects was found also on the opposite side (full triangles in Fig.  2 ). As shown schematically in the upper panels in Fig. 2 the S(E) curves of hydrogen loaded crystals were fitted by a model consisting (i) Pd cap (on the loaded side only) with thickness of 20 nm, (ii) sub-surface layer with very high concentration of defects and (iii) bulk ZnO layer. The model curves calculated by VEPFIT and plotted in Fig. 2 by solid lines are obviously in a good agreement with the experimental points. The thickness of defected sub-surface region obtained from fitting is (430  30) nm and (280  30) nm for the loaded and the opposite side, respectively. The positron diffusion length in the sub-surface region on the loaded side and on the opposite side is (20  5) nm and (30  8) nm, respectively. Hence, positron diffusion length in the sub-surface region is significantly shortened due to new defects introduced by hydrogen-induced plastic deformation. The defected sub-surface region on the loaded side is thicker and contains higher density of defects which is reflected by higher S parameter values and shorter positron diffusion length. Note that the thickness of the hydrogen-enriched defected layer on the loaded side of the sample is higher than
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the maximum penetration depth of 15 N ions with energy of 7.2 MeV while on the opposite side it is comparable with it. Thus, NRA probes predominantly the sub-surface layers with high density of open volume defects acting as trapping sites for hydrogen atoms incoming from the electrolyte. This explains the enhanced hydrogen concentration in the sub-surface regions detected by NRA in samples 1,2 on the loaded side and in the sample 1 also on the opposite side exposed to the electrolyte, see Fig. 1(a) . Theoretical calculations performed in Ref. [5] revealed that hydrogen occupies bond-centered (BC) sites between O and Zn atoms and causes a significant outward relaxation of neighboring atoms. In the ZnO lattice one can distinguish two kinds of BC sites which differ by orientation of the O-H bond: (i) BC || sites, where the O-H bond is parallel with the c-axis and (ii) BC  sites, where it is not parallel. Extended calculations with increased convergence and additional relaxation [16] indicated that the lowest energy sites are the BC || positions, i.e. O-H bonds should be oriented predominantly in the c-direction. However, it has to be mentioned that the energy difference between the BC || and BC  is very small (~ 0.1 eV). Hydrogen absorbed in ZnO and occupying BC || sites causes a significant lattice expansion in the c-direction. Because of enhanced hydrogen concentration the hydrogen-induced lattice expansion in the sub-surface region is higher than in the rest of the crystal. Absorbed hydrogen introduces stress into the loaded crystal and when this stress Fig. 3(a) . The virgin crystal exhibits obviously just a flat surface without any features. Fig.  3(b) shows light microscopy image of the surface of the ZnO (0001) crystal loaded with hydrogen using a current of 0.5 mA applied for a period of 3 h. One can see in the figure that a lot of hexagonally shaped pyramids were formed on the surface. Interestingly, all these pyramids have nearly the same orientation with respect to the crystal. Fig. 3(c) presents an image of the hydrogen loaded ZnO (0001) crystal taken in oblique light which confirms that the pyramids grow out of the crystal. This indicates that the pyramids were formed by hydrogen-induced plastic deformation realized by a slip in the c-direction. Surface modification of hydrogen loaded ZnO (10-10) crystal is shown in Fig. 3(d) . Again hydrogen-induced slip took place in the c-direction which now lies in the plane of the surface. As a consequence, the pyramids are now rotated by 90 o with respect to Figs.  3(b,c) , i.e. hydrogen-induced slip takes place in the surface plane. Results of XRD studies of ZnO (0001) crystal in the virgin state and electrochemically loaded with hydrogen using a current of 0.5 mA for various time periods are presented in Fig. 4 . The ZnO (002) reflection is plotted in Fig. 4(a) . Narrow width and very high intensity of this reflection testifies high quality of the ZnO crystal. Fig. 4(b) shows the Pd (111) reflection originating from the thin Pd over-layer. Obviously the Pd (111) reflection is rather broad due to nanocrystalline grain size and small thickness (20 nm) of Pd cap. The position of Pd (111) reflection in the virgin sample is close to that for bulk Pd indicating that stress induced by lattice mismatch between Pd over-layer and ZnO crystal is relatively low. During electrochemical charging hydrogen is firstly absorbed in Pd cap which undergoes a phase transition into the hydride -phase (PdH). This phase transition leads to a shift of the (111) reflection to lower diffraction angles which is clearly visible in Fig.  4(b) . Hydrogen loading for 1 min using the current of 0.5 mA is sufficient to transform Pd cap completely into the hydride phase. During further hydrogen charging the Pd cap is kept in the hydride phase, which is testified by the Pd (111) reflection remaining at the position corresponding to the -phase, and hydrogen from the Pd layer penetrates into ZnO and is absorbed there. One can see in Fig. 4(a) that hydrogen loading leads firstly to a shift of the ZnO (002) reflection to lower diffraction angles due lattice expansion caused by absorbed hydrogen. In the crystal loaded further for 9 h the ZnO (002) reflection is split into two parts. Obviously this is due to formation of sub-surface region with enhanced hydrogen concentration which was detected by NRA. The ZnO (002) reflection in the sample loaded for 9 h is a superposition of diffraction from the sub-surface region containing very high hydrogen concentration and diffraction from deeper regions in ZnO crystal where the hydrogen concentration is lower. With increasing loading period the hydrogen enhanced sub-surface region extends more and more into the ZnO crystal and its thickness becomes higher than penetration depth of the X-rays. As a consequence, the ZnO (002) profile in the sample loaded for 28 h or longer period contains only the contribution from the sub-surface region. Dashed line shows the relative increase of electrical resistivity for a bulk Pd [17] .
The in-situ electrical resistivity measurement of hydrogen loaded ZnO crystals was performed in the configuration shown in Fig. 5(a) . Both the loaded side and the opposite side were covered by 20 nm Pd cap. The loaded side was deluged by electrolyte while the opposite side was on air without any contact with the electrolyte. This configuration enables to measure resistivity independently on the loaded side and also on the opposite side. During hydrogen loading the Pd cap on the loaded side is firstly hydrogenated and transformed into the hydride phase. This process was firstly investigated in ZnO crystal loaded with low current of 0.01 mA and measured on the loaded side. Fig. 5(b) shows relative increase of electrical resistivity of the Pd cap as a function of the hydrogen concentration in Pd layer calculated by Eq. (1) under assumption that all hydrogen introduced into the sample remains in Pd cap. The electrical resistivity in Fig. 5 (b) increases due to transformation of Pd layer into the hydride phase. The dashed line in Fig. 5(b) shows resistivity increment predicted by Geerken et al. [17] for a single phase interstitial solid solution of hydrogen in bulk Pd. Compared to bulk Pd the resistivity increment for Pd cap is lower due to hydrogen trapping at defects. This is typical behavior for nanocrystalline Pd films [18] . Complete transformation of the Pd cap into the hydride phase causes relative increase of resistivity R/R 0  0.25, which is in reasonable agreement with the values determined in Ref. [18] for very thin Pd films deposited on Si substrate.
In our previous work [12] we found that hydrogen diffusion in ZnO in the c-direction is rather fast and comparable with hydrogen diffusion in Pd. It is believed that this is due to open channels existing along the c-axis in the ZnO wurtzite structure and providing pathways for fast hydrogen
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Recent Advances in Mass Transport in Engineering Materials motion. In this work, we performed in-situ electrical resistivity studies of ZnO (0001) (corientation) and ZnO (10-10) (a-orietantion) crystal in order to examine possible anisotropy of hydrogen diffusion in ZnO. Fig. 6 shows the relative change of electrical resistivity R/R 0 measured on the loaded side and on the opposite side in c-oriented and a-oriented ZnO crystal. Both crystals have the same thickness of 0.5 mm and were loaded using the current of 0.1 mA. Behavior of the electrical resistivity measured on the loaded side is very similar in both crystals: the Pd layer is firstly hydrogenated and transforms into hydride phase (PdH) which is reflected by an increase of resistivity. A continuous flux of incoming hydrogen during further loading keeps the Pd cap in the hydride phase (i.e. its electrical resistivity remains approximately constant) and hydrogen penetrates into the ZnO crystal. Additional increase of electrical resistivity accompanied with increased scatter of resistivity data occurs at longer loading times (t > 2000 s), see Fig. 6 . This is due to hydrogeninduced plastic deformation taking place in ZnO sub-surface layer and causing local destruction of Pd cap [12] . On the opposite side, the rise of electrical resistivity is postponed and occurs after an extended loading period of  14000 s in the c-oriented crystal and after an even longer period of  33000 s in the a-oriented crystal, see Fig. 6 . The postponed response of the electrical resistivity on the opposite side is due to diffusion of hydrogen from the loaded side across the sample thickness towards the opposite side. Hence, the room temperature hydrogen diffusion coefficient D H in ZnO crystal can be estimated from the time lag t lag between the resistivity response on the loaded side and on the opposite side:
From Eq. (2) 
Figure 6
The relative increase of electrical resistivity in ZnO crystals with (0001) and (10-10) orientation loaded with hydrogen using the current of 0.5 mA. The samples were loaded in the arrangement shown in Fig. 5 (a) and electrical resistivity was measured simultaneously on the loaded side and also on the opposite side t (s) 
Summary
Hydrogen-induced structural changes and hydrogen diffusivity in ZnO crystals electrochemically loaded with hydrogen were studied. NRA characterization of hydrogen loaded crystals revealed that bulk hydrogen concentration introduced into the crystal agrees with the value calculated from Faraday's law. A sub-surface layer with significantly higher concentration of hydrogen is formed on the loaded side and also on the opposite side if it is in contact with electrolyte. SPIS characterizations revealed that hydrogen-induced plastic deformation introduces a high concentration of defects into the sub-surface regions. Hydrogen-induced slip in the c-direction causes a specific surface modification of ZnO crystals which was observed by light microscope.
Using in-situ electrical resistometry the hydrogen diffusion coefficient in ZnO was determined. Hydrogen diffusion in the c-direction is faster than in the a-direction due to open channels existing in the ZnO wurtzite structure along the c-axis and facilitating hydrogen diffusion.
